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N6-Hydroxymethyladenosinea b s t r a c t
ALKBH5, a member of AlkB family proteins, has been reported as a mammalian N6-methyladenosine
(m6A) RNA demethylase. Here we report the crystal structure of zebraﬁsh ALKBH5 (fALKBH5) with
the resolution of 1.65 Å. Structural superimposition shows that fALKBH5 is comprised of a conserved
jelly-roll motif. However, it possesses a loop that interferes potential binding of a duplex nucleic
acid substrate, suggesting an important role in substrate selection. In addition, several active site
residues are different between the two known m6A RNA demethylases, ALKBH5 and FTO, which
may result in their slightly different pathways of m6A demethylation.
Structured summary of protein interactions:
ALKBH5 and ALKBH5 bind by x-ray crystallography (View interaction)
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Among the various RNA modiﬁcations, N6-methyladenosine
(m6A) is of great interest because it is the most prevalent internal
modiﬁcation in eukaryotic mRNA [1]. This modiﬁcation also exists
in the virus RNA that is transcribed in host nuclei [2], and plays an
important role in yeast meiosis and plant development [3,4]. An
RNA methyltransferase complex with METTL3 as one of the S-
adenosylmethionine-binding subunit installs the N6-position
methyl group of m6A [5]. Our recent discoveries of two m6A
demethylases (FTO and ALKBH5) speciﬁcally highlight the impor-
tance of the reversal of this modiﬁcation [6,7]. Furthermore, the re-
cently mapped transcriptome-wide distributions of m6A in human
and mouse cells indicate that this modiﬁcation could affect a seriesof biological processes including mRNA splicing, nuclear export, as
well as host cellular immune response [8–10].
FTO and ALKBH5 belong to the AlkB family of iron(II)/a-
ketoglutarate(a-KG)-dependent dioxygenases [11,12]. Nine AlkB
homologous have been identiﬁed in mammals: ALKBH1–8 and
FTO, which show different preferences for substrates [13]. AlkB,
ALKBH2, and ALKBH3 exhibit demethylation activity of 1-methyl-
adenine (m1A) and 3-methylcytosine (m3C) in DNA [14–16]. AlkB
and ALKBH3 show higher activity to single-stranded (ss)DNA than
double-stranded (ds)DNA, while ALKBH2 prefers dsDNA over
ssDNA [16]. ALKBH8 contains an RNA recognition motif, a tRNA
methyltransferase domain, and an AlkB-like domain, which could
convert 5-carboxy-methyluridine (cm5U) to (S)-5-methoxycar-
bonyl-hydroxymethyluridine ((S)-mchm5U) [17,18]. FTO, a protein
associated with human obesity [19–21], was originally shown to
demethylate 3-methylthymine (m3T) in ssDNA and 3-methyluracil
(m3U) in ssRNA [11,22]. Recently, our group discovered FTO as the
ﬁrst RNA demethylase that mediated demethylation of m6A to
adenosine (A) [6]. Further research in our group indicated that
FTO generated two intermediates (N6-hydroxymethyladenosine
(hm6A) and N6-formyladenosine (fm6A)) during the demethylation
process [23], which added potential complexity to this demethyla-
tion regulation [24].
Table 1




Space group P212121 P212121
Cell dimensions
a, b, c (Å) 65.948, 68.595, 114.909 66.067, 69.792, 115.050
a, b, c () 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution (Å) 30–1.65 50–1.80
Rsym or Rmerge 8.9 (49.0)* 6.9 (59.4)
I/r/ 27.8 (3.0) 22.5 (3.5)
Completeness (%) 96.1 (93.2) 99.9 (99.9)
Redundancy 5.7 (4.8) 6.4 (6.5)
Reﬁnement
Resolution (Å) 30–1.65 (1.71–1.65) 50–1.80 (1.86–1.80)











Bond lengths (Å) 0.007 0.009
Bond angles () 1.140 1.161
* Highest-resolution shell is shown in parentheses.
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and in vivo [7]. The over-expression of ALKBH5 leads to reduc-
tion of the cellular m6A level, while knockdown of ALKBH5 in-
creases the ratio of m6A to A in mRNA in human cells and
mouse testis [7]. Furthermore, aberrant spermatogenesis and
apoptosis were observed in mouse testis when Alkbh5 gene
was knocked-out [7]. Although ALKBH5 and FTO exhibit similar
substrate preference, their reaction pathways seem to be
different: as we show in this study, ALKBH5 directly converts
m6A to adenosine without any intermediate observed. Whereas,
two intermediates of hm6A and fm6A are observed in the
FTO-mediated m6A demethylation. Recently, the crystallization
conditions for human ALKBH5 (hALKBH5) were published [25];
however, the structure has not been reported. Here we report
the crystal structure of a truncated zebraﬁsh ALKBH5 (Protein
ID: NP_001070855, residues 38–287, named DfALKBH5 here
and after), which shares high sequence identity to hALKBH5, as
well as the same biological activity. This structure should facili-
tate our understanding of the substrate-selectivity of the AlkB
family proteins, and provide further insights for future investiga-
tion into the mechanism of m6A demethylation.
2. Materials and methods
2.1. Cloning, expression, and puriﬁcation
The truncated zebraﬁsh ALKBH5 (DfALKBH5) gene was PCR-
ampliﬁed from zebraﬁsh cDNA (Thermo Scientiﬁc), and subcloned
into PMCSG19 vector by ligation independent cloning (LIC) [26],
resulting in the DfALKBH5-PMCSG19 plasmid with a His6-tag at
N-terminal. The constructed plasmid was transformed in BL21
(DE3) strain containing PRK1037 plasmid [26]. Cells grew in LB
medium containing 50 lg/mL kanamycin and 100 lg/mL Ampicil-
lin at 37 oC. When OD600 reached 0.6, the protein expression was
achieved by adding 1 mM isopropyl b-D-1-thiogalactopyranoside
(IPTG) under 16 oC for overnight. Cells were harvested and stored
at 80 oC for subsequent steps.
The cell pellet was resuspended with 35 mL buffer A (10 mM
Tris–HCl, pH 7.4, 500 mM NaCl and 1 mM DTT), and lysed by son-
ication. After centrifugation, the supernatant was loaded to pre-
equilibrated Ni–NTA column and washed with eight column vol-
umes of buffer A. Target protein was eluted with gradient linear
buffer B (10 mM Tris–HCl, pH 7.4, 500 mM NaCl, 500 mM imidaz-
ole, and 1 mM DTT). After removing the His-tag by overnight TEV
enzyme digestion at 4 oC, the protein solution was applied to
MonoS column and eluted with linear concentration of NaCl in
10 mM Tris–HCl, pH 7.4. The eluted fractions were pooled, concen-
trated, and further puriﬁed by gel ﬁltration Superdex200 column in
10 mM Tris–HCl, pH 7.4, 150 mM NaCl, and 1 mM DTT. Over 95%
purity of protein was obtained for further use (Supplementary
Fig. 1). FTO and hALKBH5 proteins were expressed and puriﬁed
as reported [7,22].
2.2. Crystallization and data collection
The sitting-drop vapor diffusion method was employed for the
crystallization of DfALKBH5/a-KG protein. 1 lL 10 mg/mL protein
was mixed with an equal volume of reservoir solution (0.2 M so-
dium iodide, pH 7.0, 20% w/v polyethylene glycol 3,350) in the
presence of 1 mM MnCl2 and 2 mM a-KG, and equilibrated against
100 lL of the reservoir solution at 289 K. The crystals of DfALK-
BH5/succinate acid (SIN) were achieved under the same conditions
except for the substitution of a-KG for succinate acid. The crystals
appeared within 24 h and were ﬂash-frozen in liquid nitrogen with
25% glycerol (v/v) as the cryoprotectant solution. The crystaldiffraction data was collected at the macromolecular crystallogra-
phy for life science beamline NE-CAT (24-ID-D) at the Advanced
Photon Source, Argonne National Laboratory. The data was then
integrated and scaled with HKL2000 (Table 1).
2.3. Phasing and reﬁnement
Zebraﬁsh ALKBH5 structures were resolved by molecular
replacement with the CCP4i program PHASER using the structure
of Escherichia coli AlkB (PDB ID: 2FD8) as the searching model.
The structure model building was performed using the computer
graphics program Coot, and then reﬁned by using Phenix. The ﬁnal
R/Rfree factor value of DfALKBH5/a-KG and DfALKBH5/SIN is 20.9/
23.8% and 17.2/18.2%, respectively (Table 1).
2.4. MADLI-TOF/TOF MS analysis
As reported previously [7], 1 nmol 9-mer ssRNA substrate (50-
UAAGm6ACUCA-30) was mixed with 1 nmol puriﬁed DfALKBH5/
hALKBH5 protein in 100 lL reaction buffer (25 mM HEPES, pH
7.4, 100 mM KCl, 2 mM MgCl2, 0.2 U/lL RNasin, 2 mM L-ascorbic
acid, 300 lM a-KG and 150 lM (NH4)2Fe(SO4)26H2O). After incu-
bation at room temperature for 30 min, 10 lL reaction solution
was mixed with 50 ll ion exchange resin (Bio-Rad). 1 lL solution
was mixed with 1 lL matrix (THAP/Diammonium Citrate) and
spotted onto MALDI plate. Then MALDI-TOF/TOF (Bruker) was em-
ployed to analyze the results.
2.5. HPLC analysis of ALKBH5 activity
100 lL reaction solution was quenched by 5 mM EDTA followed
by heating at 95 oC for 10 min. The reacted ssRNA was digested
with 1 lL nuclease P1 at 42 oC for overnight. Then 10 lL 1 M NH4-
HCO3 and 1 lL alkaline phosphatase were added to the solution
and digested for 3 h at 37 oC. HPLC system equipped with an
Acclaim 120, C18, 5 lm analytical column (Dionex, 059148) was
894 W. Chen et al. / FEBS Letters 588 (2014) 892–898employed to analyze the result. 30 lL digested solution was in-
jected in HPLC and eluted with buffer A (50 mM ammonia acetate)
and buffer B (60% acetonitrile, 0.01% TFA, 50 mM ammonia acetate)
with a ﬂow rate of 1 ml/min. The analysis was executed at room
temperature. The detection wavelength was set at 260 nm.
3. Results and discussion
3.1. Sequence identity and biological activity of hALKBH5 and fALKBH5
ALKBH5 shares high sequence identity among different species.
Sequence alignment by ClustalW2 indicates that their differences
are mainly distributed at the N- and C-termini with the active site
highly conserved, including the ﬁve invariant residues
(HxD. . .H. . .R. . .R) (Supplementary Fig. 2). After testing ALKBH5
from different species, we succeeded in crystallizing a truncated
form of zebraﬁsh ALKBH5 (DfALKBH5, residues 38–287) in com-
plex with manganese(II) and a-KG. Full-length fALKBH5 shares
73.9% identity (260/352 residues) with hALKBH5, and the identity
for DfALKBH5 reaches as high as 80.8% (202/250 residues).
To conﬁrm that the truncation of fALKBH5 did not affect cata-
lytic activity, a 9-mer ssRNA substrate (UAAGm6ACUCA) was trea-
ted with equal amounts of hALKBH5 and DfALKBH5 for 30 min at
room temperature, respectively. MALDI-TOF/TOF was employed
to analyze the results. A loss of 14 Da in substrate mass in experi-
ments with both hALKBH5 and DfALKBH5 was observed, showing
the m6A demethylation activity of DfALKBH5 (Fig. 1A). To furtherFig. 1. (A) MALDI-TOF/TOF mass spectrometry analysis. hALKBH5 and DfALKBH5
showed the same activity of m6A demethylation on ssRNA (ssRNA 50-UAAGm6-
ACUCA-30) with loss of 14-Dalton of a methyl group after the reaction in both cases.
By contrast, after treating FTO with ssRNA, two intermediates hm6A (m6A-2 Da, lost
a H2O moiety during MALDI-TOF ionization) and fm6A (m6A + 14 Da) were
observed. The two intermediates were not observed in the reactions with hALKBH5
and DfALKBH5 under the same condition. (B) HPLC chromatograms of digested
nucleosides fromm6A-containing ssRNA. HPLC conﬁrmed the observation that after
treatment with hALKBH5 and DfALKBH5, m6A underwent complete conversion to
adenosine.conﬁrm this observation, the reacted ssRNA was completely di-
gested using nuclease P1 and alkaline phosphatase to single
nucleosides, and then analyzed by HPLC. As shown in Fig. 1B,
DfALKBH5 could completely demethylate m6A in the ssRNA sub-
strate as hALKBH5.
3.2. The structure of DfALKBH5 and its active site
DfALKBH5 was crystallized in complex with manganese(II) and
a-KG by mixing with an equal volume of reservoir solution (0.2 M
sodium iodide, pH 7.0, 20% w/v polyethylene glycol 3,350) at
289 K, and a high-resolution (1.65 Å) X-ray diffraction data set
was collected. Escherichia coli AlkB, the closest homologue of
ALKBH5, shares 14.8% identity (37/250 residues) and 39.2% simi-
larity (98/250 residues) with DfALKBH5. Using the structure of
AlkB (PDB ID: 2FD8) as a searching model, the ﬁnal model of
DfALKBH5 structure was reﬁned to 1.65 Å (Table 1). fALKBH5 is
a monomer in solution, and there are two monomers per asym-
metric unit in the P212121 unit cell and they interact with each
other mainly through a loop (named L2 here and after) (Supple-
mentary Fig. 3). DfALKBH5 is composed of 11 b-strands and 3 long
a-helixes. As illustrated in Fig. 2, the active site of fALKBH5 is
mainly composed of a jelly-roll motif [27], which is formed of eight
b-strands (b4–b11). The b sheets are connected through loops and
3 a-helixes buttress the jelly-roll motif from the outside.Fig. 2. The crystal structure of DfALKBH5. Two orthogonal views with catalytic core
shown. The secondary structural elements are labeled a1–a3 for helices (colored
cyan) and b1–b11 for strands (colored magenta).
Fig. 3. The sequence and structure alignment of AlkB family members (FTO (PDB ID: 3LFM), hALKBH2 (PDB ID: 3BTX), hALKBH3 (PDB ID: 2IUW), AlkB (PDB ID: 2FD8),
hALKBH8 and fALKBH5). (A) Structure-based sequence alignment of AlkB family proteins. The ﬁve invariant residues are highlighted in red. The loop L1 in FTO, L2 in human
and ﬁsh ALKBH5 as well as the lid in FTO, hALKBH2, hALKBH3 and AlkB are boxed off in red. The secondary structure of fALKBH5 is shown on top of the alignment. (B)
Structural comparison of fALKBH5 and hALKBH2-DNA. The L2 loop (colored in blue) in fALKBH5 protrudes into the dsDNA strand (colored in orange) from the superimposed
hALKBH2-dsDNA structure. (C) Structure alignment of fALKBH5 and FTO with the extra loop highlighted. (L1 in FTO is colored red, and L2 in fALKBH5 is colored blue.) (D) A
hairpin creates a lid over the active site in FTO, AlkB, hALKBH2 and hALKBH3. The structure of fALKBH5 lacks such a lid. The lid is highlighted in a red box.
Fig. 4. The interaction network around Mn(II) and a-KG (A) or succinate (B). The coordinate bonds between Mn(II) and its ligands are shown with red dash lines, whereas the
interactions between Arg245/Arg251 and a-KG/SIN are indicated in green. The distance between Arg251 and a-KG is 4.4 Å, indicating a weak interaction between them.
W. Chen et al. / FEBS Letters 588 (2014) 892–898 895Sequence alignment shows that the consensus HxD. . .H. . .R. . .R
residues in the active site of fALKBH5 are highly conserved (Fig. 3A
and Supplementary Fig. 2), and structural alignment reveals ﬁve
invariant residues reside in positions similar to those of other AlkBfamily proteins (namely, human ALKBH2, hALKBH2; human
ALKBH3, hALKBH3; human ALKBH8, hALKBH8; human FTO, FTO;
and Escherichia coli AlkB, AlkB) (Supplementary Fig. 4). The root-
mean-square deviation (rmsd) between fALKBH5 and its homo-
896 W. Chen et al. / FEBS Letters 588 (2014) 892–898logues is within 3.5 Å (AlkB: 2.46 Å, hALKBH2: 2.62 Å, hALKBH3:
2.61 Å, hALKBH8: 1.75 Å, FTO: 3.16 Å). As showed in Fig. 4A and
Supplementary Fig. 5, His172, Asp174, and His234 coordinate to
manganese(II), and Arg245 interacts with a-KG through a salt
bridge. It is noteworthy that the distance between Arg251 (the sec-
ond arginine in the motif) and a-KG is 4.4 Å, whereas in other AlkB
family proteins the corresponding residues are much closer to a-
KG with the distance around 3 Å (Fig. 4A and Supplementary
Fig. 6) [28–31]. This observation therefore suggests that Arg251
in DfALKBH5 may not bind a-KG, which differs from its equiva-
lents in other AlkB homologous. Previous studies have conﬁrmed
that the (HxD. . .H. . .R. . .R) motif is highly conserved in all AlkB
family members, and the ﬁve invariant residues are essential for
enzymatic activity [32]. Usually, the second arginine is considered
as an a-KG-binding residue, but our structure of DfALKBH5 shows
a potential weaker interaction between Arg251 and a-KG.
a-KG is the cofactor for the oxidation reaction catalyzed by
ALKBH5, in which it is converted to succinic acid [13]. The addition
of a-KG or succinic acid could help stabilize fALKBH5 protein and
thus facilitates its crystallization. We also obtained the structure
of DfALKBH5 in complex with manganese(II) and succinic acid at
1.80 Å resolution (Table 1). In both structures, the manganese(II)
adopts a hexa-coordination geometry. Besides the three ligand res-
idues (His172, Asp174, and His234) from the protein, two water
molecules and succinate occupy the three remaining coordinate
sites of the central manganese(II) in this succinate-bound form
(Fig. 4B), while one water and two oxygen from a-KG bind the me-
tal in the a-KG-bound form (Fig. 4A).
3.3. Structure and sequence comparison with other AlkB family
proteins
An overlap of the current structure with the structure of hAL-
KBH2-dsDNA [33] yielded some interesting observations. We
found that the loop L2 in DfALKBH5 protruded into the dsDNA
strand in the overlapped hALKBH2-dsDNA structure (Fig. 3B).
ALKBH5 has been shown to exhibit much higher activity to ssRNA
than dsRNA [7]; this L2 loop most likely plays the role of discrim-
inating against duplex nucleic acids. In addition, the basic residues
in the loop are prone to form hydrogen bonds with acidic residues,
which may act to enhance the binding of fALKBH5 to ssRNA. It is
interesting that FTO also has a loop (referred as L1) that clashesFig. 5. Superimposition of residues near the catalytic core in fALKBH5 and FTO. The
mononucleotide m3T in FTO is colored green, residues in fALKBH5 and FTO are
labeled in cyan and red, respectively.with potential duplex nucleic acid substrates [30]. The sequence
alignment shows that the L1 loop in FTO is unique among the AlkB
family proteins (Fig. 3A). The L2 loop is highly conserved among
ALKBH5 in different species, and has no similarity to other AlkB
family proteins as well (Fig. 3A and Supplementary Fig. 2). An over-
lay of the structure of FTO and fALKBH5 revealed further insights.
We found that L1 and L2 loops are both close to the active site.
However, the two loops extend from the opposite directions
(Fig. 3C). The two loops most likely play similar roles in blocking
potential dsDNA/RNA from gaining access to the substrate-binding
site. In addition, DfALKBH5 lacks a lid composed of two b-strands
over the active site, which exists in FTO as well as in AlkB, hAL-
KBH2, and hALKBH3 (Fig. 3A and D). Referred as ‘‘nucleotide recog-
nition lid’’ in AlkB, this lid is conformationally ﬂexible and is
involved in binding to nucleotide substrates. It has been proposed
to play a role in the substrate recognition [31]. hALKBH2, hALKBH3
and FTO also possess similar lids that are assumed to perform the
same function [28,30,33]. However, this lid is not conserved among
other these proteins in the AlkB family (Fig. 3A). Comparing the
structures of fALKBH5 and FTO, the lid in FTO covers the active site
while its absence in fALKBH5 makes the active site more exposed
(Supplementary Fig. 7).
3.4. Residues comparison near active site between FTO and fALKBH5
Among all AlkB family proteins, we are most interested in com-
parisons between ALKBH5 and another m6A demethylase, FTO. We
ﬁrst assayed the demethylation of hALKBH5 with m6A-containing
RNA. Under the same conditions that we were able to observe
hm6A and fm6A intermediates in the FTO-mediated m6A oxidation,
we failed to observe these intermediates in the reaction with hAL-
KBH5 and fALKBH5 (Fig. 1A). This observation suggests that
ALKBH5 might go through a mechanism of m6A demethylation
slightly different from FTO. Supplementary Fig. 8 illustrates the
proposed m6A demethylation process. FTO could generate inter-
mediates of hm6A and fm6A in a step-wise manner when convert-
ing m6A to A, and both hm6A and fm6A would decompose to
adenosine in aqueous solution with both half-lives of around 3 h
[23]. By contrast, ALKBH5 demethylates m6A to A without observ-
ing these intermediates. It is possible that ALKBH5 facilitates/cata-
lyzes decomposition of the generated hm6A when bound to the
active site. The exact mechanistic difference related to the produc-
tion of hm6A will need further biochemical and computational
investigations in the future. As viewed through structural align-
ment, most of residues are visibly conserved except Lys100,
Ile169, and Pro175 between fALKBH5 and FTO, which correspond
with Arg96, Val228 and Glu234 in FTO (Fig. 5). These three resi-
dues in ALKBH5 are also highly conserved among different species
(Supplementary Fig. 2). As neutral and hydrophobic residues,
Ile169 and Val228 may not directly participate in the demethyla-
tion process. Glu234 was reported to form a hydrogen bond with
m3T in the FTO-m3T structure, and the mutation of Glu234 to pro-
line resulted in the loss of FTO activity of demethylating m3T [30].
As illustrated in Fig. 5, Pro175 lies in the corresponding position in
fALKBH5, which could not form the similar hydrogen bond with
nucleic substrates. In addition, mutation of Arg96 in FTO to methi-
onine, glutamine or histidine leads to loss of FTO demethylation
activity [30,34], while its equivalent residue is Lys100 in fALKBH5.
We have mutated Lys100 to arginine and Pro175 to glutamic acid
in fALKBH5, respectively, and tested the demethylation activity of
both mutant proteins by MALDI-TOF. As showed in Supplementary
Fig. 9, a reduced m6A demethylation activity was observed for
DfALKBH5 P175E, whereas DfALKBH5 K100R almost lost its activ-
ity. This result indicates that Lys100 and Pro175 in fALKBH5 are in-
volved in m6A demethylation. Future mechanistic studies are
required to study differences between ALKBH5 and FTO.
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The non-heme a-KG-dependent AlkB family demethylases
mainly catalyze the oxidative demethylation of N-alkylated nu-
cleic acid bases. These members posses a similar catalytic core
as well as a highly conserved (HxD. . .H. . .R. . .R) motif. Their sub-
strates differ, however. The molecular basis of substrate-selec-
tion and reactions mechanisms have attracted much research
attention. Here, we present the high resolution structure of fALK-
BH5 at 1.65 Å. FTO possesses a loop (L1) that is important for
ssRNA-binding, while fALKBH5 possesses a different loop (L2) ex-
tended from the opposite direction to accomplish the same func-
tion. The presence of this loop explains the preference of
ALKBH5 for ssRNA. We also show that unlike FTO, which gener-
ates hm6A and fm6A as intermediates in the process of m6A
demethylation, such intermediates are not observed in demeth-
ylation reactions catalyzed by ALKBH5. Differences in active res-
idues between these two proteins, as well as the weaker
interaction between Arg251 and a-KG may explain the slight dif-
ference in the demethylation pathways of these two proteins. In
summary, we report the structure of fALKBH5, which provides a
molecular basis for the study of substrate-selection speciﬁcity in
the AlkB family. With this structure now available, future work
will focus on elucidating the potential mechanistic differences
between FTO and ALKBH5 m6A demethylation and the potential
impact to biology functions.5. PDB references
DfALKBH5/a-KG 4NPL and DfALKBH5/SIN 4NPM.
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